Recently AMS-02 collaboration publish their measurements of light cosmic-ray nuclei, including lithium, beryllium, boron, carbon and oxygen. All of them reveal a prominent excess above ∼ 200 GV, coinciding with proton and helium. Particularly, the secondary cosmic rays even harden than the primary components above that break. One of the viable interpretations for above anomalies is the spatial-dependent diffusion process. Such model has been successfully applied to multiple observational phenomena, for example primary cosmic ray nuclei, diffuse gamma ray and anisotropy. In this work, we investigate the spatial-dependent propagation model in light of the new observational data. We find that such model is able to explain the upturn of secondary spectrum as well as the primary's. All the spectra can be well reproduced and the calculated ratios are also in good agreement with the observations.
INTRODUCTION
Nowadays, signs are growing that the conventional cosmic ray (CR) picture needs modifications. Among them, the unexpected hardening of CR proton and helium spectra above a few hundred GeV/nucleon has received much attention. This anomaly is observed by ATIC-2 (Panov et al. 2006 (Panov et al. , 2009 , CREAM (Ahn et al. 2010; Yoon et al. 2011 Yoon et al. , 2017 and PAMELA (Adriani et al. 2011) experiments. According to their measurements, above ∼ 200 GeV/nucleon, the fluxes of both elements steadily rise with increasing energies. Later on, such feature is identified by the AMS-02 experiment with a higher significance (Aguilar et al. 2015a,b) . Not long ago AMS-02 collaboration claim that both carbon and oxygen spectra also exhibit the same upturn above ∼ 200 GV, alike to helium (Aguilar et al. 2017) .
The excess also goes for the secondary CRs. AMS-02 collaboration assert the antiproton-to-proton ratio does not show explicit rigidity dependence from ∼ 60 to ∼ 500 GV (Aguilar et al. 2016) . In other words, the antiproton flux has the identical rigidity dependence to the proton within this energy range. However the standard transport scenario predicts that the ratio of secondaryto-primary approximately falls off with the energy, i.e. Φ s /Φ p ∝ E −δ , where δ is the power index of diffusion coefficient. In particular, most recently AMS-02 collaboration publish their detections of light secondary CR nuclei, including lithium, beryllium, and boron with very high accuracy (Aguilar et al. 2018) . The deviation from a single power-law clearly visible in all three spectra above 200 GV, with an average hardening of 0.13 ± 0.03, more than the primaries.
The finding of spectral hardening brings about various alternatives of the traditional CR theory. Most of them fall into, but not limited to, three categories: acceleration process (Ohira & Ioka 2011; Malkov et al. 2012; Biermann et al. 2010; Yuan et al. 2011; Khiali et al. 2017) , transport effect (Blasi et al. 2012; Tomassetti 2012; Blasi & Amato 2012; Vladimirov et al. 2012; Thoudam & Hörandel 2014; Evoli & Yan 2014; Aloisio et al. 2015; Tomassetti 2015a; Guo et al. 2015; Feng et al. 2016; Guo et al. 2016; Jin et al. 2016; Guo & Yuan 2017 , 2018 , and nearby source (Bernard et al. 2012; Thoudam & Hörandel 2012 , 2013 Bernard et al. 2013; Liu et al. 2015; Tomassetti & Donato 2015; Tomassetti 2015b; Liu et al. 2017; Kawanaka & Yanagita 2018) . One of the popular scenarios is so-called spatialdependent propagation (SDP) model. It is first introduced by Tomassetti (2012) as Two Halo model (THM) and well explains the proton and helium anomaly. Usually the diffusion is regarded as only a function of rigidity, which does not vary spatially. But in SDP model, the whole transport volume is divided into two regions. The Galactic disk and its surrounding area are called the inner halo (IH), in which the diffusion property is influenced by the distribution of CR sources. Outside of IH, the diffusion approaches to the traditional assumption, i.e. only rigidity dependent. This extensive region is named as outer halo (OH). To reproduce the high energy excess, the diffusion coefficient within IH has a weaker rigidity dependence on average, compared with OH zone. In addition to the spectral hardening, the SDP model is also applied to solve the puzzles of anisotropy, diffuse gamma ray and so on (Tomassetti 2012; Guo et al. 2016; Guo & Yuan 2018) .
The SDP model could also induce the bending of secondaries as well as the primaries. Given the new observations of both primary and secondary CRs, in this work we revisit the SDP model. We find that both primary and secondary spectra can be well described, and the ratios of B/C andp/p are consistent with the available observations. The other ratios, such as Li/C, Be/C, Li/O, Be/O, Li/B and Be/B, are computed as well, which also agree with the measurements.
The rest of paper is organized as follows: in section 2, we touch on the SDP model briefly. The results and some discussions are presented in section 3. Finally section 4 is reserved for our conclusion.
SPATIAL-DEPENDENT PROPAGATION
After escaping from the acceleration sites, CRs undergo diffusive motion within so-called magnetic halo. It is usually approximated to a cylinder, with the Galactic disk embedded in the middle horizontally. The radial boundary of magnetic halo is identical to the Galactic radius, whereas its half thickness z h is uncertain, which is determined by the CR data. Both CR sources and interstellar medium (ISM) chiefly spread within the Galactic disk. Aside from diffusion effect, CR nuclei may also suffer from the convection, re-acceleration as well as the fragmentation due to the collisions with interstellar gas. At lower energy, CR nuclei still lose their energy via ionization and Coulomb scattering. The transport equation is in general written as
where ψ = dn/dp is the CR density per total particle momentum p at position r. On the halo border, the free escape condition is imposed, namely ψ(R, z, p) = ψ(r, ±z h , p) = 0. For a comprehensive introduction to the CR transport, one can refer to Maurin et al. (2002) ; Strong et al. (2007) ; Grenier et al. (2015) . In this work, we adopt the well-known diffusion-reacceleration model, which is shown to well describe the spectra of both CR nuclei and secondary-to-primary ratios (Trotta et al. 2011; Jóhannesson et al. 2016; Yuan et al. 2017) . The spatial distribution of CR sources is described by
where r ⊙ = 8.5 kpc, z s = 0.2 kpc, α = 1.09, and β = 3.87 (Case & Bhattacharya 1998) respectively. At the location of solar system, f (r, z) is normalized to 1. The rigidity dependence of the source term Q(r, p) is assumed to be a broken power-law, i.e.
where q 0 is the normalization factor. R br and R c are the broken and cutoff rigidity respectively. ν 1 (ν 2 ) is the spectral index below(above) R br . The elemental abundance of CR sources is assigned according to the default value in the DRAGON package.
Nearby the Galactic disk, the level of turbulence is appreciably affected by the activities of supernova explosions. Hence the turbulence is anticipated to be intense near the large population of sources so that the diffusion process is slow. At region with fewer sources, the turbulence is moderate and the diffusion tends to be fast. Therefore inside the IH, D xx is parameterized as
F (r, z) is anti-correlated with the source density, and its form is taken from Guo & Yuan (2018) . The size of IH region is represented by its half thickness ξz h , whereas the OH region's is (1 − ξ)z h . Within the OH region, the turbulence is regarded as CR-driven in principle, which is less impacted by stellar activities. Thus it is only rigidity dependent, D xx = D 0 β(R/R 0 ) δ0 . Secondary particles, such as lithium, beryllium, boron and antiproton, are brought forth throughout the transport by the spallation and radioactive decay. For the production of lithium, beryllium and boron, the socalled straight ahead approximation is adequate, in which the kinetic energy per nucleon is conserved during the interaction. Their source terms read
where n H/He is the number density of interstellar hydrogen/helium and σ i+H/He→j is the total cross section of the corresponding hadronic interaction. Unlike above light nuclei, the generation of antiproton is expressed as a convolution of the primary spectra ψ i (p) with the relevant differential cross section dσ i+H/He→j /dE j , i.e.
The numerical package DRAGON 1 (Evoli et al. 2008; Evoli et al. 2017 ) is introduced to solve the transport equation to obtain the spatial distribution of both primary and secondary CRs. Below tens of GeV, the CR flux are impacted by the solar modulation, so the well known force-field approximation is fetched to describe its effect, with modulation potential φ adjusted to fit low energy data.
3. RESULTS 3.1. Primaries Fig. 1 demonstrates the spectra of primary components as function of rigidity, including proton, helium, carbon and oxygen. The black solid line is the calculated flux of each element by SDP model. The fitted parameters for transport and injection spectrum are listed in Tab. 1, where N m and n are the parameters in F (r, z) (Guo & Yuan 2018) . The propagation of higher energy CRs is dominated by IH region, in which the rigidity dependence of diffusion coefficient is flatter than that in OH region. It can be seen that both proton and helium spectra grow hardening above ∼ 200 GV, which is in consistent with AMS-02 detection. The position of the spectral break and its intensity principally relies on the parameter N m , as well as the size of IH region, i.e. parameter ξ. To fit the spectra below tens of GV, the modulation potential for proton and helium are φ p = 700 and φ He = 600 MV. In addition, according to the observation of CREAM (Yoon et al. 2017) , both proton and helium spectra soften at ∼ 20 TeV. To account for such spectral change, R c is adjusted to 180 TV.
Since the transport processes of primary nuclei are similar, the spectral hardening is expected to occur in all the primary components. In addition to proton and helium, the calculated fluxes of both carbon and oxygen indeed show remarkable excesses. Both of them well reproduce the observed hardening by the latest measure-1 https://github.com/cosmicrays ments from AMS-02 experiment. Both carbon and oxygen fluxes have the same rigidity of upturn as helium. To fit the low energy data, the modulation potentials for carbon and oxygen are φ C = 500 and φ O = 400 MV respectively.
Tab. 1. Parameters of transport and injection spectrum.
Secondaries
Similar excesses appear in the secondary CRs. In Fig. 2 , we show the comparison of the spectra computed by SDP model and the measurements as to the secondary CR nuclei. Since they are principally generated by light primary nuclei during the transport, the spectra of secondaries are expected to have the excess as well. Thanks to the straight-ahead approximation, the hardening of lithium, beryllium and boron are similar to their progenitors. As can be seen from the figure, all three spectra deviate from a single power law above ∼ 200 GV in the similar way, which is in accordance with the AMS-02 observation. Here the modulation potential for lithium and boron are φ Li = 550 and φ B = 500 MV, whereas for beryllium it is significantly larger, which needs φ Be = 900 MV.
In contrast to lithium, beryllium and boron, the generated antiprotons by p − p and p − He interactions have a broad energy distribution. In Fig. 2 , we could see that there is a slight rigidity dependence of antiproton flux above 10 GV, which decreases gradually with energy. Within the uncertainty of measurements, our computation is compatible with the spectrum of antiproton. The modulation potential for antiproton is φp = 800 MeV, which is a little different from proton.
We further compute the rigidity dependence of secondary-to-primary ratios, i.e. B/C andp/p, which is illustrated in Fig. 3 . The B/C ratio is widely used to fix the transport parameters. Under the available parameters, SDP model can well describe the rigidity dependence of B/C ratio observed by AMS-02 in wide rigidity range, except below 3 GV. Different from acceleration scenario, SDP model predicts that there is an excess of B/C ratio at higher energy, which is indicated in Fig. 3 . Above 10 3 GV, B/C ratio slowly becomes hardening. This can be testified by the accurate measurements above 1 TV in the future. As for thep/p ratio, although the spectrum calculated by SDP model can explain the observation within errors, there is still a slightly rigidity dependence. However according to the available measurements, this trend could not be distinguished from the pure flat spectrum. We hope future observation could give definite conclusion.
Other Ratios
AMS-02 collaboration also release the spectra of other ratios. Fig. 4 illustrates the ratios of secondary-toprimary, i.e. Li/C, Be/C, B/O, Li/O, and Be/O respectively. Above 10 GV, the rigidity dependence of each ratio is in consistent with AMS-02. Like B/C ratio, SDP model predicts there are excesses of these ratios above 1 TV. We also compute the ratios of secondaries, e.g. Li/B and Be/B, as shown in Fig. 5 . The calculated Li/B ratio well reproduces the AMS-02 result. For Be/B, below tens of GV, our computation has a harder rigidity dependence compared with measurements. Above 30 GV, the rigidity dependence agrees with the AMS-02 data. collaboration successively issue their high-precision measurements of light CR nuclei, including lithium, beryllium, boron, carbon and oxygen. Along with the previously released proton and helium, the spectral hardening above ∼ 200 GV is widespread in both primaries and secondaries. These discoveries make people question the standard picture of CR acceleration and propagation.
In this work, we study the SDP model by the latest results from AMS-02. In SDP model, due to the smaller rigidity dependence in the vicinity of Galactic disk, the spectrum at higher energy becomes harder. We find that both primary and secondary spectra can be naturally reproduced and the B/C andp/p ratios are in accordance with the measurements. Accurate observations could enable us to advance the understanding of CR acceleration and subsequent transport. We expect more accurate data can be available in the future to test SDP model. 
